
Despite numerous studies investigating the neural control
mechanisms underlying cardiovascular adjustments to
static exercise, our understanding of this topic remains
incomplete. The two most widely accepted mechanisms,
first forwarded by Johansson (1893), are that the stimulus
for the cardiovascular response to exercise originates from
(i) the exercising muscle (muscle afferent input), andÏor
(ii) the brain (central command). Both central command
(Krogh & Lindhard, 1912; Goodwin et al. 1972) and reflex
input from the contracting muscles (Alam & Smirk, 1937;
Coote et al. 1971; McCloskey & Mitchell, 1972) are known
to elicit increases in cardiovascular function. Furthermore,
both central command and the exercise pressor reflex can
act as redundant control mechanisms (Mitchell & Schmidt,
1983; Mitchell, 1990). As a means of identifying their
individual contributions, investigators have employed
numerous strategies to alter either central command or
muscle afferent input during exercise; however, few of these
studies have explored this interaction utilizing a patient
model.

There have been limited studies of patients with sensory
and motor disorders and of those studies, the results have
been somewhat inconsistent. Alam & Smirk (1938) studied a
patient lacking all sensory input from one leg and found
that cardiovascular responses during one-legged volitional
exercise were similar for both legs, but that blood pressure
fell during post-exercise circulatory occlusion in the limb
lacking sensation. The authors concluded that the cardio-
vascular activation must have resulted from a central neural
mechanism during exercise. Similarly, Duncan et al. (1981)
reported increases in heart rate and arterial pressure during
static exercise in two subjects with sensory neuropathies.
One subject had a partial Brown-S�equard lesion and the
other a congenital sensory neuropathy. Both subjects could
perform isometric forearm exercise in the absence of sensory
afferent input. They concluded that cardiovascular responses
could be elicited without input from the contracting muscle.
In contrast to these studies, Lind et al. (1968) exercised a
patient with syringomelia that effected the forearm sensory
nerves in one arm, and observed no elevation in arterial
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1. The purpose of this study was to determine the contributions of central command and the
exercise pressor reflex in regulating the cardiovascular response to static exercise in patients
with Brown-S�equard syndrome. In this rare condition, a hemisection of the spinal cord
typically leaves one side of the body with diminished sensation and normal motor function
and the other side with diminished motor function and normal sensation.

2. Four, otherwise healthy, patients with Brown-S�equard syndrome and varying degrees of
motor and sensory dysfunction were studied during four isometric knee extension protocols
involving both voluntary contraction and electrically stimulated contractions of each leg.
Heart rate, blood pressure, force production and ratings of perceived exertion were measured
during all conditions. Measurements were also made during post-contraction thigh cuff
occlusion and during a cold pressor test.

3. With the exception of electrical stimulation of the leg with a sensory deficit, protocols
yielded increases in heart rate and blood pressure. Cuff occlusion sustained blood pressure
above resting levels only when the leg had intact sensation.

4. While voluntary contraction (or attempted contraction) of the leg with a motor deficit
produced the lowest force, it produced the highest ratings of perceived exertion coupled with
the greatest elevations in heart rate and blood pressure.

5. These data show that the magnitude of the heart rate and blood pressure responses in these
patients was greatly affected by an increased central command; however, there were marked
cardiovascular responses due to activation of the exercise pressor reflex in the absence of
central command.
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pressure when the affected arm was used. The investigators
concluded that cardiovascular responses to static exercise
were indeed dependent upon afferent input from the
contracting limb. Taken together these findings do not
present a consistent picture of the relationship between
central command and the exercise pressor reflex during
exercise in these patients. In order to further our
understanding in this area, patients with Brown-S�equard
syndrome were studied.

The Brown-S�equard syndrome is classically defined as a
spinal hemiplegia resulting from the effect of a disease of, or
an injury to, the lateral half of the spinal cord (Brown-
S�equard, 1868; Fig. 1). The neurological signs caudal to the
hemisected region of the spinal cord are utilized by
physicians to clinically diagnose the Brown-S�equard
syndrome in spinal cord-injured patients. This syndrome,
which occurs in less than 1% of all spinal cord injuries,
results in absent or diminished sensation for pain and
temperature in one leg because of interruption of the
spinothalamic tract and paresis or paralysis of the
contralateral leg due to interruption of the corticospinal
tract. Of specific relevance to this investigation, signals from
group III and IV muscle afferents travelling through the
dorsal horn (Light & Perl, 1985) are also disrupted
unilaterally. Thus Brown-S�equard patients provide an
excellent model for investigating the individual roles of
central command and the exercise pressor reflex in
determining the cardiovascular response during static
exercise. The purpose of this study was to assess the
cardiovascular responses during voluntary and electrically
stimulated exercise in a group of spinal cord-injured subjects
with Brown-S�equard syndrome and to determine the
individual contributions of central command and the
exercise pressor reflex.

METHODS

Subjects

Four spinal cord-injured patients, previously diagnosed with
Brown-S�equard syndrome by their neurologists, were recruited for

participation in the study. These patients had all undergone
physical therapy for their injury and had no other medical
complications at the time of the study. All patients signed an
informed consent form as approved by The University of Texas
Southwestern Medical Center Institutional Review Board and
conforming to guidelines set forth in the Declaration of Helsinki.
Subjects’ descriptive characteristics are presented in Table 1.

Patient 01 was a 28-year-old female who sustained an injury to
cervical level 5 secondary to a gunshot wound 10 years ago. She
presented with motor function (grade 3+Ï5 or greater) in her right
extremities and non-functional motor strength in her left lower
extremity. Although she was an independent ambulator in the
household setting, she was limited in the community setting
secondary to the weakness in her left leg. Sensation to pain and
temperature was intact in her left extremities and absent in her
right extremities. This profound absence was evident by the
numerous numbers of inflammatory insect bites observed on her
right upper extremity secondary to reported fire ant bites from a
recent picnic outing.

Patient 02 was a 30-year-old female who had recently (6 months)
sustained a cervical level 5 injury in a fall from a trampoline. She
demonstrated the greatest neurological recovery of the four
patients studied. She had normal strength in her left extremities.
Although her strength was functional in her right extremities, it
tested in the 3+ to 4 range on a 5-point scale. She was an
independent ambulator and was able to negotiate all obstacles in
the community setting, but was limited in endurance. Sensation
both to pinprick and temperature was normal in her right
extremities but impaired in her left extremities.

Patient 03 was a 30-year-old male who had injured thoracic level 4
in a motor vehicle accident 19 years ago. He presented with normal
strength in the right lower extremity and weakness in his left lower
extremity. He could ambulate with the assistance of a left orthosis,
but relied on his wheelchair for mobility. Sensation to pinprick and
temperature was intact in his left lower extremity and absent in the
contralateral right lower extremity.

Patient 04 was a 28-year-old male who had sustained an injury to
thoracic level 8 in a motor vehicle accident 8 years previously. Of
the four subjects, he presented with the least neurological recovery.
He demonstrated absent volitional control in his left leg with only
involuntary muscle spasms present. Although voluntary muscle
contractions were present in the right lower extremities, these were
non_functional. The patient depended on his wheelchair for all
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Figure 1. Schematic diagram representing a spinal cord section with selected tracts

The hatched area represents the classical hemisection of the cord resulting in the Brown-S�equard syndrome.



mobility. The left lower extremity demonstrated intact sensation to
pinprick and temperature with absent sensation to pinprick and
temperature in the right lower extremity.

Experimental procedures

To verify the absence of sensory afferent input in the extremity
with sensory loss, a cold pressor test was performed. Heart rate
(HR) and blood pressure (BP) were measured continuously for 30 s
before the foot was submerged to the ankle in a container of
crushed ice and water (0—2°C) during the 2 min test period, and
for the following 30 s of recovery (Fig. 2). This procedure was
repeated on the foot with normal sensation for comparison.

The approach for this study was to have each subject perform
isometric knee extension voluntarily for both legs and then use
electrical stimulation to elicit isometric contractions in both legs.
Our goal was to match each patient’s same absolute force output for
each condition, with the exception of the attempted effort at force
production in the leg with motor deficit, while recording their
cardiovascular responses. Forces recorded during electrical
stimulation at maximal tolerance levels were then matched, as
closely as possible, during voluntary efforts for each limb. A
protocol was created using the four conditions, from which to study
the effects of central command and muscle afferent input during
exercise: (a) voluntary contraction of the sensory deficitÏmotor
intact leg (activation of central command with diminished input
from muscle afferents); (b) electrical stimulation of the sensory
deficitÏmotor intact leg (no activation of central command and
diminished input from muscle afferents); (c) voluntary contraction
(attempted) of the motor deficitÏsensory intact leg (activation of
central command and normal input muscle afferents); (d)
stimulation of the motor deficitÏsensory intact leg (no activation of
central command and normal input from muscle afferents). At the
end of each condition, a thigh cuff was inflated to a supra-systolic
pressure to assess the muscle afferent contributions during post-
exercise circulatory occlusion. Subjects were asked to rate their
perceived exertion (RPE) according to the Borg 6- to 20-unit scale
(Borg, 1970) during the last seconds of the contraction.

For these experiments, the subject was seated with the back
reclined and the lower leg fixed at approximately 60 deg of knee
flexion. Voluntary or electrically stimulated knee extensor force
was measured using a force transducer (Nielsen, Denmark). HR
was measured continuously from an ECG tracing (Mingograf 7,
Seimans-Elema, Sweden) and blood pressure (systolic and diastolic)
was monitored continuously using a Finapres device (Ohmeda,
Madison, WI, USA) from a finger positioned at the level of the
heart. All signals (force, HR, BP) were input directly into a
computer for on-line, beat-by-beat recordings. Mean arterial blood

pressure was calculated from the integrated pulse wave as
generated by the Finapres.

Neuromuscular electrical stimulation was used to elicit a 2 min
knee extensor contraction in the sensory intact, motor deficit leg.
Stimulation was delivered to the quadriceps femoris muscle group
using paired polymer-based surface electrodes. The quadriceps
muscle group was selected so that large electrodes could be used to
decrease current density while activating a large muscle mass. Two
of the patients were familiar with electrical stimulation of this
muscle group as a component of their physical therapy.
Symmetrical biphasic square wave pulses of 300 ìs duration at a
pulse train rate of 50 pulses s¢ were used to produce a tetanic
muscle contraction. A maximal level of electrical stimulation was
determined for each subject who did not elicit a pain response. The
current was adjusted throughout the 2 min contraction to maintain
the force output, but never exceeded the maximal tolerable level as
determined prior to testing during a familiarization period. This
procedure was repeated on the sensory deficit lower extremity
using the same amperage. During the last 15 s of the contraction, a
thigh cuff was inflated to approximately 250 mmHg. Application
of the thigh cuff alone during familiarization trials did not elicit
significant cardiovascular responses.

Following a period of rest, the patients performed voluntary
isometric knee extension for 2 min in the lower extremity with the
sensory deficit. The patients were verbally cued to maintain the
same force level achieved during the electrically stimulated
contractions. As before, 15 s prior to the end of the volitional
contraction, a thigh cuff was inflated to 250 mmHg. This
procedure was repeated on the motor deficitÏsensory intact leg,
with the subject attempting to match the voluntary force produced
by the opposite leg.

Data analysis

As data were collected on only four subjects, descriptive analyses
are presented for each subject with individual figures. Additionally,
some individual responses were averaged for discussion purposes.
All data are presented as means ± s.d. unless otherwise noted.

RESULTS

Cold pressor test

During the cold pressor test in the leg with intact sensation,
HR increased from an average resting value of 70 ± 5 beats
min¢ to roughly 95 ± 4 beats min¢ and MAP from a resting
level of 94 ± 4 to 117 ± 5 mmHg by the end of the 2 min
cold pressor test.The individual responses are shown in Fig. 2.
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––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Table 1. Subject descriptive characteristics

––––––––––––––––––––––––––––––––––––––––––––––
Subject Age Sex Time post injury Type of injury Neurological level *

(years) (years)
––––––––––––––––––––––––––––––––––––––––––––––

01 29 F 10·5 Gun shot wound C5
02 30 F 0·5 Trampoline C5
03 35 M 18·8 Motor vehicle accident T4
04 28 M 8·0 Motor vehicle accident T8

––––––––––––––––––––––––––––––––––––––––––––––
*Neurological level is defined as the most caudal segment of the spinal cord with normal sensory and motor
function on both sides of the body as defined by the International Standards of Neurological and
Functional Classification of Spinal Cord Injury (1996).
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––



Subject 04 asked to have his foot removed after only 70 s of
cold pressor exposure. Following removal of the cold pressor
(foot dried with a towel), both heart rate and blood pressure
had recovered to resting levels within 30 s. When the leg
with a sensory deficit was exposed to the cold pressor test
(Fig. 2) no increases in resting HR or MAP were observed,
as would be expected for the Brown-S�equard patient.

Cardiovascular responses

Voluntary exercise with sensory deficit. During voluntary
contraction of the leg with a sensory deficit (central command
with diminished input from muscle afferents), average
increases in HR (from 72 ± 3 to 133 ± 8 beats min¢) and
MAP (from 94 ± 4 to 117 ± 3 mmHg) were observed after
2 min of sustained contraction. Individual responses for this
protocol are presented in Fig. 3. There were also increases in
systolic blood pressure (SBP from 120 ± 5 to 165 ± 6 mmHg)
and diastolic blood pressure (DBP from 80 ± 6 to 94 ±
4 mmHg). The individual RPE values after 2 min of
contraction ranged from 13 to 17 units. The average force

produced over the 2 min period to match the force generated
via electrical stimulation was 82 ± 25 N (Fig. 7). Post-
exercise cuff occlusion did not appear to sustain cardio-
vascular responses as both HR and MAP approached their
respective resting values after 1 min (Fig. 3). During cuff
occlusion, all subjects reported a pain value of 6 units on a 6-
to 20-unit scale (or no pain) when asked at the end of the test.

Stimulated exercise with sensory deficit. The electrically
stimulated contractions of the sensory deficit leg (no central
command and diminished input from muscle afferents) did
not produce any changes in HR or blood pressure.
Individual data are shown in Fig. 4. There appeared to be a
slight upward trend in HR for subject 02 (from 71 to
75 beats min¢), who was the only one to have a RPE value
greater than 6. The average force generated over the 2 min
contraction at a maximal tolerable level of stimulation was
84 ± 21 N (Fig. 7). There was no effect of post-stimulation
cuff occlusion on HR or MAP. Accordingly, all subjects rated
the pain at 6 units using the 6—20 unit scale (no pain).
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Figure 2. Individual subject responses (01—04) during a 2 min cold pressor test

Filled squares represent mean blood pressure (mmHg) and open circles show heart rate (beats min¢). The
continuous lines show responses for the leg with intact sensation and motor deficit, while the dashed lines
show responses for the leg with sensory deficit and intact motor function. The data points represent 10 s
averages across rest, cold pressor exposure, and recovery (rec.)



Voluntary exercise with motor deficit. All subjects
demonstrated increases in HR and BP during voluntary
(attempted) contraction of the sensory intact, motor deficit
leg over the 2 min of exercise (activated central command
with normal input from muscle afferents). The individual
responses are presented in Fig. 5. Subject 04 could only
maintain the contraction for 90 s. The average peak HR
increase was from 73 ± 4 to 144 ± 11 beats min¢ and MAP
from 94 ± 4 to 127 ± 3 mmHg. SBP increased from 121 ± 5
to 171 ± 9 mmHg and DBP from 80 ± 5 to 105 ± 4 mmHg.
Individual RPE values ranged from 16 to 19 units although
the average force production was only 27 ± 9 N (Fig. 7), and
represented only 33% of force produced during the other
three protocols. Following 1 min of post-exercise cuff
occlusion, the MAP (average of 104 ± 3 mmHg) appeared to
remain higher than the resting MAP values of 94 ± 4 mmHg
for all subjects (Fig. 5). The subjects rated their pain during
post-exercise cuff occlusion as 11 ± 1 units (using a 6—20
scale) and the sensation could be described as very tolerable.

Stimulated exercise with motor deficit. After 2 min of
electrical stimulation of the leg with intact sensation and
motor deficit (no central command with normal input from
muscle afferents), there were overall elevations in HR (from
70±4 to 88±4 beats min¢) and MAP (from 93±5 to 116±
7 mmHg). Individual HR and MAP data are shown in Fig. 6.
The SBP increased from 121±5 to 139±10 mmHg and DBP
increased from 80 ± 6 to 105 ± 5 mmHg. The RPE values
ranged from 6 to 12 units, with subject 04 rating the exertion
as 12units. The average force generated was 78±26 N
(Fig. 7). Following electrical stimulation, when the post-
stimulation cuff occlusion was employed, MAP appeared to be
sustained above resting values (Fig. 6). During post-stimu-
lation cuff occlusion, subjects rated their pain as 10 ± 2 units
(6—20 scale) which corresponded to a very tolerable sensation.

DISCUSSION

This study was designed to evaluate the contributions of
central command and the exercise pressor reflex in
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Figure 3. Individual responses during volitional contraction of the leg with intact motor function

and sensory deficit

Filled squares represent mean blood pressure (mmHg); open circles show heart rate (beats min¢) and filled
triangles show force (N) during rest, isometric knee extension (volitional exercise), thigh cuff occlusion
(occlusion), and recovery (rec.). Individual ratings of perceived exertion (RPE) are shown in units (6—20 range).



determining the cardiovascular responses to static leg
exercise in a specific patient model. Of note, while the
patients studied presented with classic Brown-S�equard
symptoms, their lesions were, in all likelihood, not an exact
hemisection of the spinal cord as depicted in Fig. 1. Subjects
demonstrated marked weakness in the leg with motor
deficit as evidenced by their limited force production. There
is also the possibility of some degree of sensation in the leg
with sensory deficit. However, it should be noted that there
were no cardiovascular or perceptual changes during the
cold pressor tests of the sensory deficit leg, nor
cardiovascular responses to electrical stimulation of the
sensory deficit leg, with the possible exception of a small
heart rate change noted in patient 02 (Fig. 4). During static
contractions, whether produced voluntarily or by electrical
stimulation, cardiovascular changes were typically observed
with the exception of the condition in which a contraction of
the leg with a sensory deficit was elicited via electrical
stimulation.

Voluntary exercise with sensory deficit

During the volitional contraction of the leg with sensory
deficit (activated central command with diminished input
from muscle afferents), there were elevations in all variables
(Fig. 3). Since post-exercise cuff occlusion did not sustain
the blood pressure responses above resting values, the
cardiovascular changes appear to be mediated primarily by
central command. These findings are similar to those
reported by Gandevia et al. (1993) when subjects were
requested to contract their muscles following administration
of curare. Likewise, significant increases in heart rate and
blood pressure were noted during attempted static
contraction following epidural anaesthesia (Mitchell et al.
1989b). The mean rating of perceived exertion for the
Brown-S�equard patients was 15 out of 20 units (range
13—17 units), suggesting a significant level of central
command. Increases in central command are closely related
to increases in HR (Mitchell, 1990). Central command-
induced increases in heart rate can increase cardiac output
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Figure 4. Individual responses during electrical stimulation of the leg with intact motor function

and sensory deficit

Filled squares represent mean blood pressure (mmHg); open circles show heart rate (beats min¢) and filled
triangles show force (N) during rest, isometric knee extension (volitional exercise), thigh cuff occlusion
(occlusion), and recovery (rec.). Individual ratings of perceived exertion (RPE) are shown in units
(6—20 range).



(Williamson et al. 1996), which in turn can contribute to
elevations in blood pressure. It is not clear whether or not
the observed blood pressure increases were mediated solely
by changes in cardiac output or also involved vascular
resistance changes. Olesen et al. (1995) have reported that
central command can elicit arterial constriction which is
thought to be mediated by centrally induced increases in
muscle sympathetic nerve activity (Victor et al. 1995).
Further, it has been reported that central command can act
to reset the arterial baroreflex during static exercise (Querry
et al. 1999) which would function to raise blood pressure.

Stimulated exercise with sensory deficit

Electrical stimulation of the leg with sensory deficit (no
activation of central command and diminished input from
muscle afferents) produced no cardiovascular changes
although the force produced was similar to the voluntary
effort (Fig. 7A). This lack of cardiovascular change in
response to electrical stimulation was in line with what

would be expected from the pure Brown-S�equard patient.
Coupled with the absence of heart rate or blood pressure
change during the cold pressor, this lack of significant
cardiovascular response during stimulation further suggests
a completeness of the spinal lesion with regards to
interruption of pathways involving afferent feedback from
the skeletal muscle. This also suggests that these pathways
capable of eliciting a pressor response are confined to only
one side of the spinal cord and do not appear to travel
bilaterally as noted in the cat (Iwamoto et al. 1984).

However, it is also possible that the heart rate responses to a
stimulated static contraction may differ from those during
stimulated dynamic exercise, when muscle afferent input is
blocked. Using epidural anaesthesia to elicit cutaneous
sensory anaesthesia and complete paralysis of both legs,
Strange et al. (1993) found that electrically stimulated
dynamic exercise resulted in heart rate increases. These HR
increases tended to parallel increases in work rate and
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Figure 5. Individual responses during volitional contraction of the leg with intact sensation and

a motor deficit

Filled squares represent mean blood pressure (mmHg); open circles show heart rate (beat min¢) and filled
triangles show force (N) during rest, isometric knee extension (volitional exercise), thigh cuff occlusion
(occlusion), and recovery (rec.). Individual ratings of perceived exertion (RPE) are shown in units
(6—20 range).



oxygen consumption. It is not known if higher levels of
stimulated dynamic exercise would also elicit HR increases
in the Brown-S�equard patients.

Voluntary exercise with motor deficit

Voluntary contraction of the leg with motor deficit and
intact sensation (activation of central command and input
from muscle afferents) elicited the greatest cardiovascular
responses. Although force production was the lowest of any
condition (on average, only 33% of other contractions), the
patient’s rating of perceived exertion was the highest of any
condition (Fig. 7B) averaging 17·5 units. When comparing
the voluntary conditions, the RPE values were 2—3 units
higher on average and HR responses were also elevated by
15—20 beats min¢. Again, this tends to verify the
relationship between central command and heart rate
during static exercise in these patients. The combination of
a relatively low force output and an exaggerated HR
response are in agreement with previous work (Goodwin et
al. 1972; Mitchell et al. 1989a; Gandevia et al. 1993)

suggesting that the HR and BP responses to static exercise
are more dependent upon the subject’s perception of effort as
opposed to the actual force generated. However, blood
pressure can also be increased by muscle afferent activity
from exercising muscles (Coote et al. 1971; McCloskey &
Mitchell, 1972; Mitchell et al. 1977, 1983). While there was
intact sensation, and the potential for muscle afferent input,
the blood pressure responses were not sustained during
post-exercise circulatory occlusion at the level of the 2 min
exercise value; they were sustained at a level higher than the
resting value. These observations suggest that the exercise
pressor reflex contributed, at least in part, to the observed
blood pressure changes.

Stimulated exercise with motor deficit

Elevations in cardiovascular responses during electrical
stimulation of the leg with motor deficit and intact sensation
(no activation of central command and input from muscle
afferents) occurred without a major influence of central
command. Krogh & Lindhard (1917) first suggested that the
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Figure 6. Individual responses during electrical stimulation of the leg with intact sensation and a

motor deficit

Filled squares represent mean blood pressure (mmHg); open circles show heart rate (beat min¢) and filled
triangles show force (N) during rest, isometric knee extension (volitional exercise), thigh cuff occlusion
(occlusion), and recovery (rec.). Individual ratings of perceived exertion (RPE) are shown in units (6—20 range).



increases in heart rate observed during electrically stimulated
work were produced reflexly, most probably a mechanical or
metabolic reflex originating in the contracting skeletal
muscle (Hollander & Bouman, 1975; Williamson et al.
1995). The present heart rate changes during this condition,
although elevated from rest, appear to be much lower in
magnitude as compared with the voluntary contractions
(Fig. 7C). This observation serves to confirm that central
command has a greater effect on heart rate (Mitchell, 1990)
in the Brown-S�equard patient. The cardiovascular increases
are consistent with previous findings of increased HR and
BP when electrical stimulation was used to match the force
produced during a voluntary contraction in normal subjects
(Hultman & Sj�oholm, 1982; Friedman et al. 1992).

Cuff occlusion maintained the blood pressure above resting
values, suggesting that the BP increase was attributable to
an exercise pressor response from the working muscle. This
finding is inconsistent with previous findings in normal
subjects in that blood pressure responses are generally not
sustained during post-exercise muscle ischaemia following
one-legged static exercise (Leonard et al. 1985; Mitchell et
al. 1989b). One plausible explanation may involve differences
between patients and normal subjects with regard to

adaptation of compensatory mechanisms that may develop
in patients with chronic spinal cord injuries. Interestingly,
the patients did sense that they were exerting a minimal
effort (RPE ranged from 8—12) although they were not
trying to voluntarily contract the muscle.

In conclusion, these findings further our knowledge of
cardiovascular regulation in that the cardiovascular responses
to voluntary and electrically stimulated exercise in subjects
with Brown-S�equard syndrome appear to be similar to
those reported in normal subjects undergoing partial neuro-
muscular blockade. Overall, the magnitude of heart rate and
blood pressure responses were greater when central
command, as indexed by the RPE, was higher, yet there were
significant changes in cardiovascular responses in the absence
of central command increases across the static exercise
protocols. While such responses reflect the redundancy of the
cardiovascular control system (Mitchell, 1990), the observed
differences in the magnitude of responses between conditions
appear to be related to different mechanisms responsible for
the resulting cardiovascular changes. While it is difficult to
assess the specific types of neurological adaptations that
may have occurred in these patients, this patient model
appears to be a viable means of further assessing the roles
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Figure 7. Average responses across the four protocols

The filled bars represent voluntary exercise and the open bars stimulated exercise. Mean responses (± s.d.)
are shown for: force (N;A); perceived exertion (RPE units; B); change in responses for peak heart rate
(beat min¢) from rest (C); and change in responses for peak mean blood pressure (mmHg) from rest (D).



of central command and the exercise pressor reflex towards
overall cardiovascular regulation during various types and
intensities of exercise.
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